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THE INITIATION OF BRITTLE FRACIMURE BY WEDGY PENETRATION

1. _Crack gtacting st s_nnd crack driving stress.

There 1s a fundamental difference between the fracture of a
completely brittle material such as glass and the brittle (cleavage)
fracture of normally ductile low carvon steels. According to the
avallable experience, the former process is fully governed by the
riffith crack propagation condition which, in the simple cace
of a large plate under a uniaxial tension siress o, containing a

relativsly short edge crack of length ¢, has the form

cz’v:ét— (1)

where E is Young's modulus a=d @& the specific surface energy of
the surface of fracture. The crack starts to propagate when the
(mean) tensile stress in the plate reaches the value of the prop-
agating ("driving") stress gziven by eq. (1). 1If, in the course of
its propagation, the mean stress rises above the value given by the
Griffith equation, the crack a~celerates; in the opposite case, 1t

3)

decelerates. It can be shown( that eq. (1) represents & necessary
and sufficient condition of crack propagation in a fully brittle
materiali.

In the brittle fracture of low carbon steels, two additional
festors are of fundamental importance. X-ray photographs show(4)

that a thin layer underneath the surface of fracture is plastically

distorted: the effsctive thickneas of this layer seems to be of the
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order of 1/100 in., and the plastic work p per unit of iis arca is
rougaly 2.106 erg/cm8 under normal conditions. For ithis reason,
the work anveded for extending the surface of the crack walls by
unit area 1is no longer @ but . a + p; since surface energy of tae
comnon metals is of the order of 108 erg/cmz. a 1s negligible
beside p, and the Griffith condition of crack propegation has .o

be replaced by the equation sugrsested by the writer(s)

o~ wftggr- (2)

The second prominent feeture of cleavage fracture in ductile
steels is thnt even the modified crack propagation condition (2)
is no longer a sufficient, but merely a nscesgsary condition of

brittle fracture. This can be recognized in the following way. It

.

(3)

can be shewn that, for a fully brittle material, the Griffith
equation (1) expresses the condition that the aprlied tensile stress,
multiplied by the stress concentration factor of the crack, reaches
the value of the molecular cohesicn {"theoretical strength") of the
material. In other words, when the mean tensile stress in the plate
reaches ths valus given by eq. (1), the local tensile stress at the
tip of the crack attains the maximum value that can be withstood

by the intermolecular forces, and then the crack must start to prop-
agate: eq. (1), thersfore, is a sufficient condition of fracture

in a uniformly stressed plate. With a ductile material like steel,
tnis is no loager so. The local tensile stress at the tip of the

crack can never reach the value of the molecular cohesion: long

before even one per cent of this value would arise, plastic yielding

Npo s San eyl 7y S LA L0 e
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occers and redistribates the stress im the surrcundings of %the
crack. On the sther nanli, clsavage Tonciure 2lss sceors at a
tensile siress far below the mclecular cohesion, Pecause, besides
the large crask or notcn froa which brittie fracture starts, the
raterial contzins a multitude of microscopic or subzicroscopic
cracks wnich reducz its tensile strength iz tze Iaw wvalue of the
"brittle strength" or "cleavage strength®™ which cen be measurad
directly at low texperatures oa specimens conta&ining no visiole
craclk or noteh. “hetner plastic yielding or cleavage fracture takes
place first at tae tip of tae crack sr soiczh dopends on the relztive
magnitudes of the critical stresses for tnese tws processes. The
sréinary tensile test at rocom temperatqurs snows tnat the yield stress
of 1ow carbon stzels In uniaxial tension is lewer trnon their cleavage
strength, tecause yielding But me brittle fracture is osserved im
e test. If, mevertneless, cleavage froactare ==y occur at the tip
of a crack or a notcn; this is due to two facto.s acting simuitaneously
or indivaidually:

First, after a slight plastic deforsatiom khas taken place at
the tip of the crack, plastic constraint develsops: the deforzmed

-

oion, Delug surrounded with material undar lower stress, regquires

d

a niguner tensile stress to cveorcamc betn its own resistance to plastic
deforsation, and tne constrain‘ng iniluence of its sarremdimgs. In
ihis way, a iriexial siate of ternsion arices, and the highest priz-
cipal tensile stress may rise up to abtoni 2 times the vadue of the

(33(2)

vield stress Y in uniexial tension Conceguently, if tha

clearage strensth B, theagh higher than Y, is Iswer Lhaosa adbecutr &1,
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cleavace fracture can follow tas local plastic deformatinsn as tae
trinkiality of tension due to plastic constraint develops.
Second, it 1is known that the yiold stress of low carbon steels

(6)

increases sxceptionally rapidly with the rate of deoformation

{(as also with decreasing temperuture(7)). The cleavage strength

does not show this high velocity-dependence; consequently, at very

high rates of deformation the yield siress may rise above the cleavage

strength, and thsn brittie fracture occurs without any preceding

development of plastic constraint. This is possitle only if the

temperature is not too high {perhaps not above the lower region

of the Charpy transition ranga), so that the cleavage strength is

only moderately higlier than the uniaxial yield stress; in the upper ;
regions of the transition range, the velocity effect must be complemented
by some plastic constraint. Now any plastic deformation that might

sccur around the tip of a fast running crack would have to take place

at a very high rate: consequently, a fast-running c¢rack may prop-

agate as a cleavage crack without the necessity of significant plastic
deformation occurring at its tip to produce plastic constraint.

(8}

Experiments show that, for a reason that is not entirely
understood, considerable amounts of loecal plastic I
needed for producing a cleavage crack at the end of a sharp notch
or crack under static loading, so that the energy consuwnption for
cleavnge induced by plastic constraint is high. Genuinely brittle
(low-energy) cleavago fracture occurs only if the tensile stress at

yielding is raised to the level of the cleavage strength cntirely or

mainly by the velocicy effect of a fast running crack. Since the craek
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cannot reach & high veloclity at moderate rates of loadinz unless the
work of propagation is covered by elastic enerygy released during

the nropagation, a necessary ceonditisn of genuinely brittle fracture
in lcw carbon steel at moderate rates of londing is eg. {2): not
iness the tensile stress exceeds the valve given by (2) can the
rglezsed elastic energy both cover the vork of crack formation (as
reprasenbed by the quantity p), and nrovide the kinetic cnergy for
accelerating the crack.

t should bc remarked that cleavage fracture often starts in
service under the prolonged action nf a stntic load without any
significant plastic deformation (apart from that in the thin layer
at the surface of fracture). The interesting possibilities for
explaining this phenomenon will not be discussed here because the
primary subject of the present paper 1is brittle crack propagation
and initiation in certain laboratory tests in which such quasi-
brittle crack initiation under static load has never been observed.

it follows, then, that cleavage “~=~~*uva in-liuw Juibcn steels
requires the fulfillment of two sets of conditions:

a. The cleavage strength B must be low enough to be reached
by raising thc uniaxial yield stress Y through plastic constraint
and/or the velocity effect of the rumning crack. If q (approx. = 3)
is the highest plastic constraint cbtaineble by & c¢rack, and v the
ratic between the yield stress at very high rates of deformaticn to

that at static testing rates,
B< q.v.Y (3)

is the condition for the possibility of cleavage fracture at the

A e etbivaenn. ]
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Siven temverature it constraint and velocity effect act combined;

and

B v.Y ()

is ihe condiiion of genulnely brittle crack propagatios in which
the velocity effect alone can produce cleavage fracture, withoat
tne necessity of plasti-: deformetions to canse constraint.

b. If the crack starts at moderate rates of lcadimg, the
stress must be high enough to produce plastic deformation in a
region large enough for developing the necessary plastic constraint;
1et o, be the wvalue of the critical crack-starting siress nnder
given canditions.

If the crack runs at high speed, =n that the velocity eifecct
is a governing factor in cieavage fracture, the conditicn foi the
aoriied siress to Ye hich canudh to keep thae orack aovirg at high

velocity (i.e., for providing tae worx of piopagation from the re-

leased elastic enersy) is

Ep :
o, = = {2)

vhere @, is the crack driving (propagating) stress.
It is easy to see that, under norsnl conditisms, the crack

starting stress must bte anigner thrn the creck drivimg stress. I

he

it is assumed tuat tae clcavage strength wunes nel depend mmch on the

-

rate of loading, the tensile stress atl the tip of the crack mmst be

mere or less the same both in starting and in -~rovesating. The

applied siresses o, and O 4 necess. 7y for rrodacine tar eritienl

ocal stress at the tip of the crack mast, then, be inverzely propor-

o)

tire caurey

== efjeciive siyess concentration fockers in &I o &3 Lot TN
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At first sight, it may appear unjustified to speak of (elastic)
stress concertration factors in cases where plastic deformation
takes place and levels cdown the stress at the tip of the cracks
(9)

however, Jeuber has shown how the elastic strecse concentration

can bte calculated in such czses, provided that the diameter of the
plasticelly deformed region remains small compared with the lengtih
of the crack. He demonstrated that, if plastic deformation takes
place in a region of radius R around the tip of the crack, the
effective elastic stress concentration factor, dafined as the ratio
| 3 ot the stress in the plestic ragion to ths applied mean stres=s, is
approximately equal to the stress concentraticn factor cof a crack
of the same length but of tip radius R ia a purely elastic body.
Since the elastic stress concentration factor in the latter case in
(10)

approximately

x = 21[%- {5)

RSN PN IRREAT |19
A‘j‘:" g

the stress required for odbtaining the velue of the cleavage strength

at the tip of the crack 1is approximately proportional to the square

éi root of the radius of the piastic region around the tip. Now this
radius must be about egual to ths thickmess of the plastically
iistorted surface layer as revealed by X-ray diffraction 1f the crack
runs at high velocity; as mentioned at the beginning of this settion,
the effective thickness of this layer is about 1/100 in. If, however,
a cleavage crack is being starfed. the plastic deformation at the

.« tip of the initial notch or crack is so extensive under labdoratory

PR AT R
)

conditions that it can be seen with the naked eys at some distance.

I R, |

Consequently, the radius of the plastically distorted region is some
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10 or 20 times greater when the crack is started than a2t the tip
of the running creck; accarding to eq. (5}, then, if nc other
actore of inportance are present, toe sterting stress L Lz at 3.4

be roughly 3 or & times higher $han the propagating stress. This

conclusicn is in falr agreement with the cbservetion that the

starting etress is usually quite close to the yield point which

is of the order of 40,000 psi, wxhile the driving stiress seeme %o bs
betwesr 10,000 snd 15,000 pet(117412)

The essential difference tetween the sterting stress and the
driving stress was the main reascn why the fracture lests on wids
plater carried ocut during the last war inm connection with bdbrittls

fracteres in welded ships were so renarkably umrevealing. In thees

tests, only ths starting strass conld ba mepaured, srd thig wes

Py

aiways gulte close to tha ¥ield stress of the plats. The experi-

(33
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merts gave mno hint abor

bave occurred at considerably lower stress levels.

2. Measurement of the crack proragaiing stress. §

The distinction bestwsen the starting strese and thes driving i
strese can be reccgnized directly from the fact that the fracture
of a Charpy or Izod specimen may bs guite ductile although, at the
same temperature, brittle cracks san propagats in ths zaterie) once
they have rur into it. This ehows that the combimstion of moich
conziraint end impact velocity usesd in the comveniional notch ima
pact tests 1s not sufficient for starting the propagation of a crack

ir s1) conditions under which a cleavage crack can propagate in the
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To the engineer, the driving streoss is more important than

the starting stress. A cleavage crack cen start by some accidental

circumstance which may be difficult %o avoid (e.g., an underwater
explosion), or in an accidentaliy too brittle part of the structure.
However, this cannot lead to catastrophic failure of the structiure
if its bulk consists of material that cannot propagate cleavags
cracke a% ¢hs ssrvice temperature. This raises the auestion: is

it possible to devise tests which, unlike the conventional notch-
impact tests, include means for initiating a cleavage crack in all
conditions under which such cracks may propagate? Such tests could
Teveal those combinations of stress, crack length, and temperature,
at which crack propagation is possibie in a given material. The
simplest way of sending: a "pre-fabricated" crack into a plate under
tonsion would be to provide one of its edges with a notched flap

in which a cleavage crack would be initiated by tension (5% the’
tensile stress in the flap could reach the yield point and so it
could initiate a brittle crack even if the stress in the main body
¢f the specimen would be quite low.

The first experimente in %this field have becn carried cut by
T Sk Robertson(ll)(13)(14)i

He provided the edge of the plate with

a saw-cut and started the propagation of a cleavage crack from its

tip by a combination of a wedging impact and lowered temperaturs. The
wedging force was exerted in the way indicated by Fig. 1: a dlow
on the round eyelet caused plastic deformation which forced apart

the saw-cut inside the eyelet. As indicated in the firur

imen iwvnd a transverse temperature gradient, the side vprovided with
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High
jemp.

Low
temp.

Fig. |

PO K.

the eyelet and the notch
being colder than the oppo-
aite side; the cleavage crack
initiated at the notch stopped
in its way across tho plate,
and the temperature at the
point of arrest could be re-
garded as the upper limit at
which cleavage erack propaga-
tion was pussible under the
conditions of the experiment.
Py repeating the exper-
iment with different values

of the tensile stress in the

plate, Rovertson could plot curves showing the dependence of the temper-

. . . (24
ature 1imit upon the appiied stress’

capricious curves, the majority tahaved according to Fig. 2:

Although some materials gave

There was

usually a sharp temperature l1imit above which no stress could propagate

a cleavage crack.

RBelow this limlt, the arrest temperature dropped

very rapidly with decrsasing sirsss; the relationsnip between the

two quantities was ofiven a straight‘line. as showi with full lines

in Fig. 2.

Occasionally, thore was a step in the line, as indicated

with dotted lines, and sometimes the type of the curve was quite

different from those shown in Fig. 2.

eeme in plates of un

Robertson verified experi-
mentally that the temperature limite of crack propagation were the

{iform temposrature, 80 that the presencs of a
)8 ’ P

Ry s

.we
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temperature gradisnt did

not introduce errors.

Stress Recently similar ex-

by Feeley, Ertko, Kleppe,

(12)
and Northup . In these,

]

c=°
|
|

the noich was provided with

Ternperoture 7T a continuaticn consisting of a

Fig. 2 short cleavage crack vefore
the experiment; after the
plate was put under tenuile stress, a wedge was driven into the notch
by the 1m§act of a bulie=. It was fouud that the lowsr limit of the
tensile stress below whic.a no fracture occurred was remarkavly inde-~
rendent of the length of the initial crack {including the notch)
within a certain temperature irterval inside the transition range;
2bove and below thils interval, the minimum fracture stress increased
with increasing temperature. It should be added however, that the
crack lengths varied only between 3/4 in. and 2-1/2 in. In additiorn,
the energy of the wedge impact did not influence the minimum frecture
stress if the kinetic energy of the bullet was above 100 ft-lbo;
below this value the fracture stress increased with decreasing impact
energy. Finally, the minimum fracture stress did not depend on the

temperature ia the interval just mentioned within the transition

range; outside this intervel, it incrsased with the temperatura.

3.__The meaning of the Robertson curves.

As mentioned in conrection with Fig. 2, the o- T curves cbtained

peiinients have been publisied
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by Robertson usually consisted of two Aifferent parts: a vertical,
or nearly vertical one, and another which was zligiktly sloping
aainst the norizontal. The probable interpretation of the vertical
portion is that it represents the temperature limit above which the
velocity effect (aided by the slight triaxiality of tension present
around the tip of the running crack) is unable to raise the yield
tension to the level of the cleavage strength. The masaning of the
sloping part of the curve is less simple; the following interpre-
tation seems to be fairly plausible.

Below the temperature limit given by the vertical part of the
curve the propagation of the crack ought to be governed by a condi-
tion of the type of eq. (2). With increasing crack length ¢, the
applied (mean) tensile stress required for propasation decreases if
the plastic surface work p remains constant. In Robertsor's ex-
periment- p was not constant: since the temperature increased in
the direction of crack propagation, the valus of p must also have
increased as the crack ran into regions of increasing temperature.
However, this ettcct could hardly overcompensate the rapid increase
of ¢t almost certainly the stress reaquired for further propagation
must have dropped in the course of the propagation. If the crack
nevertheless stopped before.it arrived at the temperature limit
but the sharp drop of load that accompanies the oraonngaticn of &
crack if the testing, macnine cannot follow the ciongation of the

specimen. In experiments of Felbeck and the present writer it was

»as of uniform temperature) owing to load relaxation in the tecting
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Stress

Crack length ¢

machine(e). What musi have happened in Rohertson's experiments is

illustrated in Fig. 3. K is the curve representins the crack

driving stress as a function of the cracik length ¢, according to

eq. (2); at a lower temperature the magnitude of p must be lower,

and the corresponding curve L must 1le below H. If L refers to the

tempesrature at the cold sids, and H to that at the hot side of the

Robertson specimen, the actual curve of the driving stress will be

given by the dashed transition curve between L and H. The drop of
the mean tensile stress due to load relaxation 1is reprssented

schematically by the curves 1 and 2, the former referring to s

higher and the latier 1o & lower value cf the initial strees, In
drawing these curves it was assumed that the load drop overcomnen-

sates the decrease of the load carrying area during crack propagation;
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this 1s to be expected for the hydraulic loading device used by
Robertson<l4).

Up to the point A of curve 1, or point B of curve 2, there
can te no crack propagation unless the applied stress is comple-
mented by the wedgiag impact ﬁpon the eyelet. From A to C, and
from B &tc D, the crack propagates with acceleration since the
applied mean =irsss szcssds that demanded by the crack propagation

condition; at & or D, the crack decvlerates and later stops. With

a higher initial stress (curve 1) the final length of the crack is

obviously greater than with a lower stress (curve Z); since, how-
ever, longer cracks end at points of higher temperature in ths
Robertson experiment, the temperatures of arrsst in the region be-
low the critical temperature 1limit must increase with the initial
stress. If this interpretation is substantially correct, the
gently slopling part of the Robertson curves may reflect the be-
havior of the testing aquipment rathsr than significant properties

of brittle fracture.

4, The experiments of Feeley, Hrtko, Kleppe, and Northup.

One of the remarkable features of these experiments is the
observed independence of the minimum fracturs stress from the
initial crack length, the impact energy, and the temperature, in
consideradble ranges of thess variables. It is an importaat aquestion
whether this independencs is a fundamental property of brittle
fracture or a more or less accidental consequence of the experi-

mental conditions: 1in the first case, the observed minimum frasture
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stress (10,000 psi) could be tne tasis of o design stress the use
of wnich would safeguard the structure against the possibility
of brittle fracture.

However attructive this may seem to the designing engineer,
a simple consideraiion shows that it could hardly be reconclled
with elementary facts of solid mecnanics. A crack propagates when
local fracture occurs at its tip: this cannot depend on anytning
but the local stresses and strains. These. however, are by no
means determined by the masan tensile stress in the plate alone:
the length of the crack is equally important. It determines the
elastic stress concentration factor by which the applied stress has
to be multiplied in order to ohktain ths local stress =t the crack.,
If the stress is so high that the entirc plate is ylelding, there
is, of course, no elastic stress concentration and the stress at
the crack tip is determined by the plastic constraint factor which
does not depend much on the length of the crack. However, in the
vxperiments considered the tén“ile stress was between 1/4 and 1/3
of the yield etress, sc that the entire rlatg must have bean
purely 2lastic with the exception of a small plastic reglon &t the
tip of the crack. Under such circumstances, Neuber's theorem,
as outlined in Section 1, can be applied; in connection with thé
elastic stress concentration factor eq. {(3), it leads to the
conclusion that the applied stress at which the amount of plastic
yielding needed for de?eloping the plastic constraint takes place
must be aprroximately inversely proportional to the length of the

initinl crack

AL e
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This argursn® seems so inevitable thnat it prohably rules out
the pcssibiiity of a érack propagating stress btaing {fundamentally
independent of the length of the crzck. The question is, then:

Wnat is the cause of the independence of the minimum fracture
stress as observed by Feeley, HUrtko, Kleppe, and Northup, from

ins crack lengin, the impact energy, and the tempersture in certain
ranges of these variables?

To begin with, it is by no means dertain or even probable that
the minimum fracture stress observed by.Feeley and nis associates is
a crack propagating stress. In Robertson's experiments there is no
doubt that a moving crack has been created by the impac
cooled notched eyelet, and that the failure of the exnerimenis Lo
give information about .the magnitude of tae driving stress ic duse
nerely to the fact that the applied load cannot be measured rsliably
wren the crack starts to run. In the experiments of Feeley and his
asrociates, on thne other hand, nc crack propagation can be cbserved
unlese complete fracture occurs. This suggests strongly the possibil-
ity that, for some reason, the wedge-impact method of starting the
crack propagation may not be as effective as the eyelet-impact method,

so that the stress that has to be applied for starting the crack
under wedge impact is higher than tne stress required for propagating
it once it has been started. In sther words, the fact that the crack
does not move unless it runs through the plate suggests that ths
minimum fracture ctress observed is & crack starting stress, not a
driving stress. A detailed analysis given in Secticn 6 supports

this possibility. Before dealing witn it, however,a relatively

0SSR S VR e
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trivial possibility of explaining the independence of the driving

"

stress from the crack length ian a limi‘s

b

ange of erack lengths

i

should be discussad.

5. Influance of the finite specimsn sizo.

If the plate is very wide compared with the length of the crack,
the elastic stress concentration farteor ie given approximately by eq.
(3): it 1s proportionsl to the square root of the length of the crack.
Fig. 4 shows the oppositu limiting case of a plate containing two symme-
trical edge cracks so deep that the remaining width of the plate bvetween
their tips is small compared with the radius of curvature of the tips.
In this camss, the strees concentration is small if (as usual) the
nominal stress iz referred to the remaining crosa tection betwsan the
cracks, and it converges to 1 as the distance between the crack tips
becomes vanishingly smell compared with the tip radius which is con-
sldered to be constant (this corresponds to the fact that the tip radius
of ‘an atomically sharp crack is of the order of the interatcmic spacings
and does not change with the length of the crack)., Figure 5, after

(9)

Neuber ., shows the curve 1 representing the dependence of the stress con-

centration factor of a relativaly shallow creck upon the crack length,
and the curve 2 giving the same dependence for a deep crack (1.9,.

a crack the length of which approaches half of the width of the plate
and which faces another crack situated symmetrically at the opposite
edge of the plate). The complete dependence of the strwzs concentia-
tion factor upon the depth of tae crack must be given by a curva

(fully drawn) which converges at the two limiting points towards the

asymptotic curves; it must have a maximum at an intermediate pcint
Jrmp d b ’
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e srall in tne region arsued the maxizum.  According to
leuber's calculations, the maximum otcurs in o symmetrically notched
rlate as used in the experiments of Feeley, Hrtke, fTlepre, and lorihup

L5

wnen tkhe dopth of thne crack is about 1/6 of the full widih of the plata.
in the experimonts, ihe erack length varied between 3/4 in. snd 2 in.,
and ine plete »idths used were 6 in., 10 in.. and 15 in.: thus, tke raclc

2 0 \

of tne crack length to the plets width vwaried betwsen atout 120 and 1/3.

The cases ilnvestigeted must have been, tkerefore, just arocund the top
of the fully drewn curre in Fig. § where :the influence of the crack
lengtn upon the driving stress is verr smmll. It seezs neverthelees
that the effect ¢f the crack length cught %5 have Yeen noticeable if
the finite widih of ths plate had besn tha only cause of the insensi-
tivity of the fracture ctrezgs to the crack length.

The effect of the finlte widih has Teen discussed 1z greeter de-
tail on a somewhat Aifferent %aziz o Prafassor M. Gensamrus): his
final conclusions agree, on the whole, with the present onea.

Since the effect of th2 Finite width is mmlikely to explain fully
the obeervations, in what follows 2 simple gerneral aneiysis of the condi-
tion of brittle crack propagation under the comtined Inflvence of &

tensile strese and a wedse pressed into a crack will be given.

S. C(rack propegsticn under tension combined with wedse penetretion.

As a preraralion for the discussinn of ths experiments of Feeler
and hiz ocescocintes, the Griffith tneory of cracs rrapagatick in a
folly trittle plate shoulcd be extended to the case sf & plate being

under tenclion while at the sane time a wedge ic teing Tarzed into
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a sharg edse crack of langth ¢

—
lq|
S

(Fig. 6).
The forca exerted by the

wedge upon the 4alls of the crack

£ has voth verticel and horizomtsl
L cozponents. Howevar, the hori-

1\ /

r—’ gantal {trsneversa) omes sre of
F

minor influence; in what ollows,
they will be disregarded. Llet F

be ths vertical wedge force per

J anit thickness of ths piate;
o

Fig. 6

o

according to the experimental
conditioms, it may te concentrated
in cnail areas of the crack wells adjscent to the edge of the plats,

or distribuied in scme manner over the wa.ls. In the sxperimente of

{7l

Feeley and scsencint. e, the vedses force wasz distridutsd over areas

2

tost mist have been rcughly 1/8 to 1/4 of the area of a crack wall;
thic w2 = cornceguence of the plastic squeerzing o; the crack walls
ty the n;e-t!ge. For the isllowinz comsiderat.on, it will be assumed
that the vertical wedge force is distributed mnifermly cover the
crack walls: if 1t !s nci, a correction factor £ ¢f order unity can
be applied eo that the effects of the wedge force ¥ are eauiralent
to tnote orf 2 unifomly distributed force £ . F. Such a uzifcrmly
distributed force amsunte tc a umif>rra pressure f¥/c acting vpcn
the crack walle.

This presszre can be remgved by immersing the ertire clate irto

2 i1iquid undsr tne hydrosiatic tensiocn fF/c. The superposition of

PR R ——
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& hydrostatic tension would make no difference if the plastic be-
navior of the plate were to be investigated; in the present case,
however, it produces an additional tensile stress fF/¢ in every
surface element at every point of tic plate. This can be deducted
ultimately; in additien, it is easily seen that its effent iz amall
17 the streas concentration factor of the crack is large compared
with 1. With the hydrostatic tension superposed, 211 sides of the
plate are exposed to an additional tensile stress fP/c. The stresses
acting on the faces and the side edges of the plate cannot have
much influence on the propagatién of the crack; consequently, the
main effect of the superposed tension (in addition to removing the

1in A e L
4

wedgs Torce from.the crack walls) is to create an additional tensile
stress fF/c perpendicu;ar to the crack, superposod to the tensile
stress anplied to the plate in addition to the wedge force. The
added stress fF/c increases the tensils stress at the tip of the
crack oy q . fF/c, where g is the stress concentration factor of the
erack. If it 1is considerabdbly larger tnan unity, the superposea hydro-
static tension fF/c is small compared with the additional tensile
stress it creates at the tip of the crack, so that the final de-
duction of fF/c can be omitted. This will be done in the present
case. Since, for thc steel nlates in the experiments discussed,
fracture occurred under tensile stresses as low as 1/4 of the yield
streas and nrobably 10 5 15 times less Liun une cleavage strength,
tii2 effective siress concentration factor of the crack must be of

the ordser 10 or 15, and so the omission of the superposged hydrostatie

pressure causes £n error iess than 10 per cent.
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The result of this consideration is that the wedge force F
is acproximately equivalent to an additional tensile stress fF/c.
Without it, the crack propagation conditicn would have the Grifiith

form eq. (1); if the wedge force is applied, the condition becomes

o + fFlc= 1':1
or
o~y 22 - iE (6,
o] [o]

Fig. 7 shows o0 plotted as a function cf the crack length ¢
for several values of the wedge force F. Witk F = 0, the zquare-
root hyperbola representing the Griffith eq. {1) results: with

increasing valuec of the wedge forcs, the curves F = const. movs
S
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down' ards. All curves except that for ¥ = O have a maximum at a

value ¢f ¢ determined by

hence,

If this is introduced into (6), the value 'of & at the

meximun is obtzined as

Ea Ea _ _Ea
O T3fF T afF —  afF (8)

The curves F = conei. intersect the abscisna axis before rising
to the maximum. The point of intersection represents the length to
which a crack can be driven be a wedge force alone, without an applied
tension; eq. (8) and Fig. 7, therefore, include a crude theory of
knife penetration into e large solid block. According to eq. (7),
affinite wedge forco can cause finite penetration only., if the block
ig infinitely large. It is remarkable that the crack length pro-
duced by a wedge increases with the wedge force. The longer the
crack, therefore, the greater the wedge force necessary to prop-
agate it further; infinitesimally short cracks can be extended with
infinitesimally small wedge forces. This behavior, however natural,
is contrary to the mental nabit acquired in the Griffith theory where
large cracks were easier to propagate.

Suppose now that a constant tensile stress is appiied to the
.plate and a wedge is gradually pressed into the crack; the wedge

fores should be capable of increasing to a certain maximwa amount
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but not beyond this. Lot thc ayplicd stress correspond tc tha
level of the dasred line in Fig. 7, and let it be aseumed that the
initial length of the crack is the abscissa of the point P, If

the maximum possible wedge force is such that fF = 0.75 . 109

d;yne/cm2
(ses Fig. 7), it can cxtend the crack to the point Q but not morse.

If, however, the wedge force can be increased to 1.109 dyne/cmg,

the point M at the maximum of the curve fF = 10° dyne/em® can bo

v further extenaion of the crack would take place at a
decreasing wedge force; consequently, the maximum of a curve

F = const., i8 a point of instabiilty at whicn crack propagation

~under falling wedge force and thus fracture can take place. It

A aand Satem Y ae
does not taks placs wadsr all circurs

tane but only if the force
applied to the vedge is always maintained at, or above, the value
corresponding to the F = const. curve that goes through the point

of which the ordinate is the applied tensile stress and the abscissa
the current value of the crack langth. When this representative
point arrives at the Griffith hyperboia (point R), the wedge force
may disappear, and the applied stress alone is capable of coniinuling
the propagation of the crack.

A remarkable point is that the length of the initiallcrack does
not matter at ali if oniy 1; is shorter than the abscissa at the
maximun of the F = const. curve of which the horizéntal representing
the annlied atrass is A tangent. Under this condition, the minimum
fracture stress for a given wedge force is quite independent cf the
length of the initial crack.

So far, only crack propagation in a fully brittls material

has been considered. Can the results be applied to normally ductile
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btu! nolch-tritile stesls after remlacing tae surface onergy Q@ ¥

tne plastic surfacs werk p?! In this way, eq. i5) would beccms

% 543 .
czv—cz——e— (5a)

and eqs. {7} and {8) wouid cnange into

e - & (7e)

and

The preceding counsiderations have led to the view that low carbon
steal has two alternative crack propagation conditions. The first
sppliex to a crack at rest; 1t gives the "starting etress® ragnirved

ior eetting 1t ir motion. The second applies to a rapidly extending

crack; it gives the *drivimg stress” necessary for maimtaining the

o

slocily of propegation. The driving strese is the appiied stress
needea for producimg at the tip of the crack a small plastically
d«a‘-foma‘. region in which the local stress rises to the wvalus of

the cleavege sirengih by the combined action of the high rats of
deforzoiior and of a (relatively susll) triaxiality of sezsisz. Ths
crack siariing strees, on the other hand, bes to produce & higher
plastic coastraint hecanee, in the abtsence of & higk strain rats,
the triaxislity of tenvion elome has to raise the stress to the

eclanvacrs lavel

-
~ =5 * = Eoini L

it fms to indwee plactie deforzal

in a roglion of zreeiar rajlus. Ik Tiew of Neuber's theorex {S=ction 1},
thercfore, the two vropasntion comdlitlicms &lffer mainly in that Lhe
starting ccrmiiticn demands the creatien of a larger region of plastic

deforaation. This requirss a nigher value of tne applied sirass
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because, according to Neuber, the tip radius of the equivalent
crack in the murely elastic case {ses Secticn 1) is tien greater
and so tne stress concentration fzctor feor a crack of given leagthn
lower, whereas the stress toal musi be reacned at tre tip of the
crack is egual to tae cleevage strength toth for the resting and
for the moving creck.

It con be shown that the Griffith type ecs. (1) and (2) are
aruivalent te conditioms demnndirg the attainoent of a critieal
fracturs stress at tie tip of the crm:k(s): incteni of wusing atomic
quantltiies such as the tin radiucs of a cleavage crack and the nole-
cular conesion, they express the same pnr_pngution condition Iz terms
of macroscopic cuantitiee (Yeang's modnlzs X end the specific work
of crack vall forzation @ or p). Thet the starting of a crack
reg2ires more extensive plastic deformations taar its furt-er prop-
agatior vill be refiected in a nigher v2lue for p in egs. (6a),
{7a), and (8a) wher inese equations are nszd for obtainings the
starting condition; instead of ine value of 2.10° erg]mz, valid
for the running crack, the magnitvode of p may be 10 or 50 times
higher vhen ths crack is belnz started. This meams that the Griffith
nyperbola in Fig. 7 will be ralsed by a factor of, say, 3 t0-7, and
the curves @ = € (c) for ¥ = const. will rise by the ssme amount
as the corresponding polnts cf the Griffith carve because the
difference between the ordinat=2s of the latter and thoss of tl'm‘
former (see eq. (6)) is f#/c, i.e., independent of p. Egs. {7a)
and {6a) show that the a2hresizea of thc maximum of the & - ¢ curve
will be smaller, and the value o of ithe maximum larger. This

menns, according to Fig. 7, tant the crack requires fer starting




higher values of the wedge force, or of the teasile stress, or bota,
than fo> its further propsgation afier 4t hae zathered spssd. In
other words, sven with ths use of a wedge a starting difficulir

hag 1o be avarenmes, end the continations of Lensils stress and
wadze force needed for starting the crack &ars ag a ruie much sore
rowerful than is nscessary for iis subsequent propagation.

e

'hie ralses the grestion whether the nzs & welige iapact

Fa] - &
-y - - - &

cas really fuiiiil its intsndeld puspose of serding a running Crack
to thas plate which wsuld aropagate or stop sccording te whether
the applied tensile sirosa is atove or helow the value of the
driving strees. The Ncpe that this would be possible was bassd on
the simple picturs that the wedge imnect wonld 2f2rt ths crack,
give 1t a sufficiently high valrcity, and then disappesr Lefore tha
initial crack lengih woulid imcrease silgnificantly. Fig. 7, however,
shows that this ls far from teing trus. The wedge force must act
amtil the crack ha? rrached the critical length at whick the applied
stress alor< can propagste it {point R in Fig. 7j. This critical
lengih, however, 1® in general much greater then the initial lexgth
of the crack: with the wvalue p = 2.10° erg{az valid for the runmning

=] 2
6+2 . 10 dynefca,

crack and the temsile strecsz of 17,000 psi

eg. (2} zives

i1}

c 9-3 cm= 3.6 in. (9)

If the 1nitial crack is shorter, it has to be extended to this
iengir by the combined aclion of ine wedge force and the applied

tensziocn before the istter can take cover alome. If the wvedge impact

B
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is not puwerful enough, the applied tension must bs increased in
order to take cver the propagation of the shorter crack that the
wedge is capable of producing. If %hs impact is stronger, however,
it does not {uilow necessarily thet it can create 8 leonger crack
waich thse can be driven by & lower ciress. An ioportent factor is
the duretion »f the impact. If the wedss Tcrce disappears hetween
¥ =nd R in Flg. 7, tks crack lsngth produced is lsss than ab R,

tnd the crack neede for ite prizagation a highér gtress.

The coxiitions of ths woigs impact experiment are, ther, far
norz oompieXx than was eanticipated when such experirments were planned.
Firet, the wedge forcs may change the isngth of the ixitisd crack
drastically btefore it disappeare ani leavaz it to the plate etress
tc propagats ths crack. Unforiunetely i{oe driving stirees cannot
e sltained urless toe lergth of the crack at the moment of the
disappearance of tne weldge force is mown, and thls can at present
only te estimated, as in eg. (9), from = value of p obvtained else-
wiere. Secomd, at the moment when the wedge force vamishes the
crack haa a kipetic energy wvhich moy extend 1t further, sc thot
tuere mey te & sudstantial incresze cf the crack length before the
appiied siress takes nver ihe propegaiion. Third, the load of the
testirg machine drops 27 relaxation as the crack sporns »p before
it resches the take-over length: at thes coment when the appliad

stress takes over the propegatlicn, therefore, Hoth ths length of the

both eny be very Gifferent from the initiel values of ¢ 2rd @ -

Unless & radical improvement of the experimental methcod can be
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